. Interestingly, resistance to disease progression within this family appeared to be associated with the inheritance of one or both of these MHC class I haplotypes. Two individuals that inherited haplotypes b and c separately survived for 299 and 511 days, respectively, while another individual that inherited both haplotypes survived for 889 days. In contrast, two MHC class I-identical individuals that did not inherit either haplotype rapidly progressed to disease (survived <80 days). Since all five offspring were identical at their Mamu-DRB loci, MHC class II differences are unlikely to account for their patterns of disease progression. These results double the number of SIV CTL epitopes defined in rhesus macaques and provide evidence that allelic differences at the MHC class I loci may influence rates of disease progression among AIDS virus-infected individuals.
Simian immunodeficiency virus (SIV) infection of the rhesus macaque is currently the best animal model for AIDS vaccine development. One limitation of this model, however, has been the small number of cytotoxic T-lymphocyte (CTL) epitopes and restricting major histocompatibility complex (MHC) class I molecules available for investigating virus-specific CTL responses. To identify new MHC class I-restricted CTL epitopes, we infected five members of a family of MHC-defined rhesus macaques intravenously with SIV. Five new CTL epitopes bound by four different MHC class I molecules were defined. These included two Env epitopes bound by Mamu-A*11 and -B*03 and three Nef epitopes bound by Mamu-B*03, -B*04, and -B*17. All four restricting MHC class I molecules were encoded on only two haplotypes (b or c).
Interestingly, resistance to disease progression within this family appeared to be associated with the inheritance of one or both of these MHC class I haplotypes. Two individuals that inherited haplotypes b and c separately survived for 299 and 511 days, respectively, while another individual that inherited both haplotypes survived for 889 days. In contrast, two MHC class I-identical individuals that did not inherit either haplotype rapidly progressed to disease (survived <80 days). Since all five offspring were identical at their Mamu-DRB loci, MHC class II differences are unlikely to account for their patterns of disease progression. These results double the number of SIV CTL epitopes defined in rhesus macaques and provide evidence that allelic differences at the MHC class I loci may influence rates of disease progression among AIDS virus-infected individuals.
Products of the highly polymorphic major histocompatibility complex (MHC) class I loci determine how many viral peptides will be presented by a given individual for cytotoxic T-lymphocyte (CTL) recognition (48) . Since all epitopes are not equal with respect to their MHC class I binding affinity, T-cell receptor recognition, or the degree of sequence variation the virus can tolerate, MHC class I polymorphism may introduce considerable variation in the quality of virus-specific CTL responses between individuals. Thus, allelic differences at the MHC class I loci probably contribute to the variable patterns of disease progression observed among human immunodeficiency virus (HIV)-infected people. In support of this hypothesis, statistical analyses have revealed associations between certain HLA class I alleles and time until AIDS onset (7, 26) . Furthermore, those HLA molecules associated with slower courses of disease progression were generally predicted to bind more HIV epitopes than those associated with more rapid disease progression (22, 31) . Yet, despite these associations, there is little direct experimental evidence demonstrating that MHC class I differences can influence survival time following HIV infection. This likely reflects the difficulties inherent in studying human subjects, which include uncontrolled sources, doses, and routes of infection; the inaccuracies of estimating dates of infection from patient histories; and, more recently, the influence of antiretroviral drug therapies. Additionally, it has been difficult to separate the effects of allelic differences at the MHC class I loci from those of the class II loci, largely because of the exceptional polymorphism of the MHC class II DRB genes.
To control for the many variables associated with infection and host immunogenetics in humans, we infected five MHC class I-disparate, Mamu-DRB-identical offspring from a family of MHC-defined rhesus macaques with a well-defined stock of simian immunodeficiency virus (SIV) to explore the relationship between MHC class I differences and disease progression.
MATERIALS AND METHODS
SIV infection. Rhesus macaques were infected intravenously with 40 50% tissue culture infectious doses of a heterogeneous virus stock originally derived from SIV mac 251 (11, 33, 43) . Virus dilutions were prepared in 1 ml of sterile saline and injected into the saphenous vein of anesthetized animals at a rate of 1 ml per min. SIV-infected animals were cared for according to an experimental protocol approved by the University of Wisconsin Research Animal Resource Committee.
Viral loads, CD4 counts, and antibody titers. Plasma SIV titers were monitored at regular time points postinfection (p.i.) by using the infectious centers assay. CEMϫ174 cells (2 ϫ 10 5 ) were cultured with decreasing volumes of plasma (200, 100, 50, 10, and 2 l) in duplicate six-well plates and scored for syncytium formation over a 4-week period. Infectious doses per milliliter of plasma were calculated by dividing 1,000 l by the volume of initial plasma that resulted in a positive viral culture. Plasma viral loads were also determined by branched DNA analysis (9) . CD4 ϩ T-lymphocyte counts were monitored by flow cytometry. Peripheral blood lymphocytes (PBLs) were isolated from blood drawn in EDTA tubes, fixed in 1% paraformaldehyde, stained with anti-CD4-phocyerythrin conjugate (M220020; Antigenix, Franklin Square, N.Y.), and run on a Beckton-Dickinson FACS Caliber. Antibody responses were detected by using the HIV-2 enzyme immunoassay (EIA) kit (GeneticSystems, Chaska, Minn.) at plasma dilutions of 1:400 with a GeneticSystems LP400 enzyme-linked immunosorbent assay (ELISA) plate reader.
Molecular analysis of the MHC class I and II loci. MHC class I alleles were cloned and sequenced from cDNA libraries constructed from animals D and B as described previously (5, 6) . MHC class II DRB cDNAs were separated by denaturing gradient gel electrophoresis and sequenced directly as described by Knapp et al. (25) . For the Mamu-DP and -DQ loci, the polymorphic second exon was amplified from genomic DNA extracted from 5 ϫ 10 6 B-lymphoblastoid cell lines (B-LCLs) by using the QIAmp Blood kit (Qiagen, Chatsworth, Calif.) as previously described (23, 32, 40, 41 (5 g) for 1 h on the day of the assay. B-LCL targets were washed and plated at 5 ϫ 10 3 cells per well in round-bottom 96-well plates. CTL effectors were added at different effector/target ratios and incubated for 5 h. Spontaneous and maximal chromium release was determined by incubating target cells in medium alone and with 5% Triton X-100, respectively. CTL activity was calculated from the counts per minute present in harvested supernatants by the formula: % specific release ϭ [(experimental release Ϫ spontaneous release)/(maximal release Ϫ spontaneous release)] ϫ 100.
CTL epitope mapping. CTL epitopes of the SIV Env and Nef proteins were mapped with sets of peptides synthesized according to the predicted amino acid sequences of SIV mac 251. Autologous B-LCLs pulsed for 1 h with pools of overlapping 20-mers (5 g each) were first tested as CTL targets in 51 Cr release assays. In subsequent assays, individual 20-mers were tested from positive pools followed by overlapping 9-mers spanning each positive 20-mer. To define the ends of each CTL epitope, additional peptides with amino acid additions or deletions at the N and C termini (8-to 10-mers) were tested for CTL recognition over a range of concentrations.
1-D IEF. MHC class I molecules were analyzed by one-dimensional isoelectric focusing (1-D IEF) as previously described (46) .
Creation of stable MHC class I transfectants. Stable transfectants expressing rhesus macaque MHC class I molecules were created in the HLA class I-deficient human B-cell line 721.221. Full-length cDNAs encoding Mamu-A*03, -A*04, -A*11, -A*12, -B*02, -B*03, -B*04, -B*17, and -B*29 were subcloned into the expression vector pKG5 by using the restriction sites XhoI and HindIII and were electroporated into 721.221 cells (39) . Log-phase cells (7.5 ϫ 10 6 ) were suspended in 250 l of medium with 25 g of DNA in a chilled 0.4-cm cuvette and electroporated at 200 V and 950 F. After cooling for 1 min on ice, the cells were warmed to room temperature, diluted to 50 ml in medium, and seeded to 24-well plates in 1-ml aliquots. The cells were allowed to recover for 3 days before beginning selection in medium containing 650 g of Geneticin per ml (Gibco-BRL). Geneticin-resistant clones were screened for MHC class I surface expression by flow cytometry after staining with fluorescein isothiocyanate-conjugated W6/32 antibody (Sigma, St. Louis, Mo.). The electroporation and selection medium consisted of RPMI supplemented with 10% defined supplemented calf serum (Hyclone, Logan, Utah), 5% fetal bovine serum, L-glutamine, penicillin (100 IU/ml), and streptomycin (100 g/ml).
RESULTS

Viral load and disease progression in five SIV-infected family members.
Five offspring of an extended family of rhesus macaques were infected intravenously with the same dose of SIV. All five animals exhibited similar peak titers of primary viremia between 7 and 21 days after infection. However, after the acute phase, their courses of infection differed greatly (Fig.  1) . The two siblings B and BЈ were unable to control their viral loads and rapidly progressed to AIDS, with symptoms including wasting, diarrhea, lymphadenopathy, and maculopapular rashes. The kinetics of their decline were remarkably similar, despite differences in age and weight at the time of infection. In contrast, their sister, animal A, showed a much slower course of disease progression. Animal A resolved her primary viremia by day 28, and with the exception of two later time points, maintained plasma virus titers below the limits of detection by the infectious center assay. Furthermore, she remained asymptomatic for well over a year after infection despite steadily declining CD4 ϩ T-cell counts. Animal D showed an even slower course of disease progression, maintained low plasma virus loads, and died 889 days after infec- Additional peptides were synthesized with residues added or subtracted from the N and C termini for five of the 9-mers that were mapped in animals C and A. Serial 10-fold dilutions of these variants were pulsed onto self B-LCL targets and tested for CTL recognition at a 20:1 effector/target ratio in a 5-h chromium release assay. We were unable to resolve the ends of two of the Nef epitopes in these experiments (D to G). However, additional live-cell binding assays indicate that QGQYMNTPW (D and E) and ARRHRILDMYL (F and G) represent the optimal-length peptides for each of these epitopes (12) .
tion. The course of disease exhibited by animal C was intermediate to her rapid-and slow-progressing half-siblings, since she survived for 299 days before developing AIDS-associated wasting and maintained moderate plasma virus titers in the range of 10 to 100 infective doses per ml throughout infection. While the two rapid progressors did not mount detectable antibody responses, the slow progressors mounted strong antibody responses.
MHC typing of family members. To explore the possibility that there was a relationship between the MHC of these macaques and their variable courses of disease progression, we carried out an analysis of the MHC class I molecules expressed by five family members (data not shown). Surprisingly, animals B and BЈ were MHC class I identical (as defined by identical 1-D IEF focusing patterns) and shared one MHC class I haplotype with animal A. To more rigorously define the MHC class I haplotypes within this family, we carried out a more comprehensive molecular analysis of the MHC class I and class II loci of each family member (Fig. 2) . A haplotype diagram is shown in Fig. 2 , detailing a number of the class I alleles identified by cDNA library screening. For simplicity, only a few alleles, including all of those shown to restrict the CTL epitopes identified in this article, are included. A more comprehensive analysis of haplotype organization in the rhesus macaque is discussed elsewhere (H. Horton et al., unpublished data). The two rapid progressors, B and BЈ, were confirmed to be MHC class I identical and to share an MHC class I haplotype (haplotype a) with their slow-progressing sister, animal A ( Fig. 2A) . Additional MHC class I haplotypes were also shared between the intermediate and slow progressors. Animals A and D both inherited haplotype c, and animals C and D both inherited haplotype b (Fig. 2A) . Thus, each of the five SIVinfected offspring in this family shared at least one MHC class I haplotype with another sibling. Interestingly, these macaques expressed multiple MHC class I alleles (i.e., animal D has five Mamu-B alleles). This is likely due to duplication of both the Mamu-A and -B loci seen in rhesus monkeys (6) .
Remarkably, analysis of the MHC class II genes revealed that all five offspring had identical Mamu-DRB loci, thereby eliminating the most polymorphic MHC class II loci as factors contributing to the variable courses of disease progression within this family (Fig. 2B) . Furthermore, while there were differences at the Mamu-DQ and -DP loci among the five offspring, there was no clear segregation of MHC class II haplotypes between rapid and slow progressors. The intermediate progressor (C) and the two rapid progressors (B and BЈ) shared the same set of Mamu-DQ alleles and one Mamu-DPB1 allele (Fig. 2B) . Additionally, the slow progressors (A and D) shared Mamu-DQ alleles with the rapid progressors. Thus, the MHC class II alleles present in the rapid progressors differed from their siblings by only a single DPB1 allele. Mamu-DPB1*06 was present in animals A, C, and D, while Mamu-DPB1*12 was present in animals B and BЈ (Fig. 2B) .
Multiple CTL epitopes of the SIV Env and Nef proteins were mapped in two SIV-infected rhesus macaques. To investigate the hypothesis that MHC class I-restricted CTL responses were responsible for the differences in disease progression among these Mamu-DRB-identical siblings, we first tested for CTL responses to the SIV Gag, Pol, Env, and Nef proteins in each of the five offspring. SIV-specific CTL responses against Env and Nef proteins were detected only in the MHC class I-disparate individuals, A and C. Additionally, animal D responded only to Env and Nef in vaccinia virus enzyme-linked immunospot (ELISPOT) assays and did not exhibit responses to Gag or Pol (data not shown). Epitope mapping studies using sets of overlapping peptides revealed that animals A and C each recognized one Env and two Nef CTL epitopes (Fig. 3) .
Definition of optimal CTL epitopes. To identify the optimal peptide for each CTL epitope, additional amino acids were added or subtracted from the N and C termini of each nonamer and tested for CTL recognition over a range of peptide concentrations (Fig. 4) . Unfortunately, we could not define the ends of one of the Nef epitopes recognized by animal C (FGWLWKLVP), since we were unable to reproduce CTL responses to this peptide from frozen PBL samples. CTL assays also failed to unambiguously define the N termini of two Nef epitopes (Fig. 4D to G) . However, for these epitopes, livecell binding assays identified QGQYMNTPW and ARRHR ILDMYL as the optimal peptides for MHC class I binding (12) .
Five different CTL epitopes are bound by four rhesus MHC class I molecules. Full-length MHC class I cDNAs from animals A and C were cloned into an expression vector and transfected into the HLA class I-deficient cell line 721.221 (39) to create a panel of stable transfectants, each expressing a single rhesus MHC class I molecule (Fig. 5) . CTL recognition of these transfectants pulsed with epitope and control peptides revealed the restricting MHC class I molecules for all five defined CTL epitopes ( Fig. 6 and Table 1) . Surprisingly, all three of the CTL epitopes mapped in animal A were bound by Mamu-B*03 or -B*04 encoded on the maternal c haplotype, and both CTL epitopes mapped in animal C were bound by Mamu-A*11 and -B*17 encoded on the paternal b haplotype.
Analysis of the CTL responses against the SIV Gag, Pol, Env, and Nef proteins in animals B and D. Given the rapid onset of disease in animals B and BЈ, we investigated whether one of these animals (BЈ) ever had an SIV-specific CTL response. Macaques BЈ and D were tested for CTL responses against the SIV Gag, Pol, Env, and Nef proteins at 2 and 8 weeks p.i. With the exception of a transient response against the Env protein at 2 weeks, we were unable to detect a CTL response to any of these four viral antigens in animal BЈ (data not shown). However, significant CTL responses against the SIV Env and Nef proteins were detected in animal D by 8 weeks p.i. Since animal D shared the c haplotype with animal A and the b haplotype with animal C, we next asked if her CTLs could recognize the same epitopes as both of these individuals. CTL cultures were derived from animal D by peptide stimulation and tested for the ability to recognize self targets pulsed with each of the five CTL epitopes of animals A and C. These CTL cultures recognized all three of the epitopes mapped in animal A and two of the epitopes mapped in animal C (data not shown). Thus, animal D recognized at least five different SIV Env and Nef CTL epitopes.
CTL epitope variation. To determine whether the CTL responses of animals A, C, and D exerted selective pressure on SIV replication in vivo, we sequenced the CTL epitope coding regions of the plasma virus population for each individual at selected time points throughout infection. Statistical analysis of the nonsynonymous (amino acid replacement) versus synonymous (silent) nucleotide substitution rate in regions of env and nef coding for restricted CTL epitopes versus nonrestricted epitopes or flanking sequence revealed clear evidence of CTL selection (15) . Furthermore, by the time animals A, C, and D died or were euthanized as a result of their infections, all of their CTL epitopes had accumulated amino acid substitutions that diminished MHC class I binding, CTL recognition, or both (15) . Thus, the selection of escape variants within the CTL epitopes recognized by animals A, C, and D provides additional evidence for the importance of MHC class I-restricted CTL responses in controlling the infections of these individuals. Moreover, it may also explain why their CTL responses ultimately failed to prevent disease progression.
Each of our newly defined CTL epitopes appears to be derived from regions of the Env and Nef proteins that are relatively well conserved between SIV, HIV-1, and HIV-2 (Fig.  7) . Few of the CTL escape variants resulted in changes of highly conserved residues. Only the Mamu-B*03 Env and a Mamu-B*04 Nef epitope variant (Var5) altered residues normally shared between SIV and HIV-1. Additionally, four of the five new rhesus SIV CTL epitopes overlapped with known HIV CTL epitopes in humans (Fig. 7) . Most notably, the Mamu-B*03 and -B*17 Nef epitopes overlapped precisely with HLA-B27-restricted epitopes. Since HLA-B27 preferentially binds peptides with arginine at position 2, this observation is consistent with peptide binding experiments indicating that arginine at the second position is an anchor residue for binding of these epitopes to Mamu-B*03 and -B*17 (12) .
DISCUSSION
To date, only four MHC class I molecules that restrict virusspecific CTL responses in SIV-or simian/human immunodeficiency virus-infected rhesus macaques have been identified (1, 2, 14, 16, 30, 44, 45) . These molecules bind a total of eight different CTL epitopes (five from SIV and three from HIV Env), five of which are bound by the same molecule, Mamu-A*01. Thus, the analysis of virus-specific CTL responses in SIV-infected rhesus macaques has been limited to a small number of epitopes and has relied predominantly on Mamu-A*01-positive individuals. The five new CTL epitopes and four new restricting MHC class I molecules described here double the number of CTL epitopes and MHC class I types available for CTL studies in the SIV-rhesus macaque model. Furthermore, we have also described the first MHC class I-restricted CTL epitopes in Nef in SIV-infected rhesus macaques. These three epitopes may be particularly useful for evaluating the significance of Nef as a CTL target, given that Nef is well expressed early in each cycle of infection and may be unusually immunogenic (17) . Tetramers can now be synthesized for each of these five new peptide-MHC class I pairs (3, 28) , enabling more quantitative and sensitive analysis of SIV-specific CTLs after vaccination or infection (10) . Preliminary evidence also suggests that two of these new MHC class I alleles (Mamu-A*11 and -B*17) are at appreciable frequencies in rhesus macaques of Indian descent. This should significantly increase the value of the rhesus macaque as an animal model for HIV infection and AIDS vaccine development.
Given the large number of variables associated with HIV infection, it has been difficult to assess the relative contribution of the MHC class I alleles to disease progression. Molecular analysis of the rhesus macaque MHC has facilitated the development of a genetically defined animal model to address this issue. The ability to contain SIV replication and resist progression to AIDS followed the segregation of the MHC class I haplotypes among five Mamu-DRB-identical offspring in an extended family of rhesus macaques. Interestingly, the MHC class I haplotypes of the intermediate and slow progressors encoded molecules that bound multiple CTL epitopes derived from the SIV Env and Nef proteins. In animal A, all three CTL epitopes were restricted by two molecules, Mamu-B*03 and -B*04, encoded on her maternal c haplotype. Similarly, both of the CTL epitopes recognized by animal C were restricted by Mamu-A*11 and -B*17 encoded on her paternal b haplotype. These two macaques survived for 511 and 299 days, respectively, thereby exhibiting slow and intermediate courses of disease progression. Another family member, animal D, which inherited both the b and the c haplotypes, recognized five different CTL epitopes and survived for 889 days after infection. In contrast, the MHC class I-identical siblings, animals B and BЈ (haplotypes a/d), failed to mount consistently detectable CTL responses and rapidly developed AIDS-associated wasting within 80 days after infection. Although we have studied only a single family of macaques, these observations suggest that the inheritance of certain MHC class I alleles may influence the course of disease progression in SIV-infected macaques.
Allelic differences at the MHC class II loci are less likely to account for the variable pathology of the SIV-infected offspring of this family, since all five SIV-infected individuals had identical Mamu-DRB loci. While there were several differences (8, 13, 18, 19, 27) , the vast majority of MHC class II-restricted T-cell responses involve products of the more polymorphic HLA-DR and -DQ loci. Therefore, it is unlikely that a single difference at the Mamu-DPB1 locus would account for the dramatic differences in disease progression observed within this family. However, further experiments are needed to more carefully evaluate the influence of the MHC class II loci on progression to AIDS. The emergence of escape mutations in the CTL epitopes recognized by the intermediate and slow progressors provided additional evidence that the MHC class I-restricted CTL responses of these animals contributed to their resistance to disease progression (15) . By the time animals A, C, and D died or were euthanized due to AIDS, amino acid replacements had accumulated within all 10 of the CTL epitopes recognized by these individuals. Furthermore, most of the new epitope variants greatly reduced or eliminated CTL recognition and/or MHC class I binding. The selection of CTL escape variants suggests that the CTL responses of the intermediate and slow progressors exerted considerable selective pressure on virus replication in vivo and thus provides further support for the hypothesis that certain MHC class I alleles may confer resistance to disease progression.
The relationship between certain MHC class I molecules and longer survival times following SIV infection in our family study implicates the MHC class I genes as determinants of disease progression in this family of macaques. These results therefore support the hypothesis that allelic differences at the MHC class I loci are important determinants of time until AIDS onset among HIV-infected people (7) . Interestingly, a recent report describes the association of rapid disease progression with homozygosity and with HLA-B*35 and -Cw*04 in particular. This association of HLA-B*35 and rapid progres- sion to disease has also been reported in other studies (20, 24, 36) . Interestingly, however, this molecule can bind many different HIV-derived CTL epitopes (21, 35, 38, 42) . It is, therefore, not entirely clear why HLA-B*35 should predispose individuals to rapid progression. The use of MHC-defined macaques in future experiments should provide valuable insights to resolve the role of cellular immune responses in protecting against AIDS virus infection.
